The paper presents a short survey on different applications of sliding modes to wide range of control and estimation in automotive industry. Sliding mode is recognized as an efficient approach for design of robust controllers for complex nonlinear systems operating under uncertainty conditions, which is common for automotive systems. When designing such systems high accuracy and dynamic properties should be associated with reliability, low cost, ease of maintenance, which implies minimization of the number of sensors to acquire the information on the system state. Sliding mode state observers proved to be a promising way to simplify implementation of feedback systems.
Introduction
The items under study in this paper embrace four issues: automotive alternators, combustion engines AFR (air-fuel ratio), diesel engines NOx and ABS (anti-lock brake system) control. First, automotive alternator is governed by nonlinear equations and back EMF (Electromotive Force) should be estimated to optimize rectifier performance. For the sake of cost reduction, it should be done only with readily available battery current instead of generator angle position measurement.
Next, desired AFR (Air-Fuel-Ratio) in combustion engine depends on fueling rate, air flow rate and the mass of fuel in the fuel film. The mass can be measured under no condition. Information from AFR sensor, governed by 1 st order equation, is obtained with certain delay. Sliding mode observer is designed to get the quantity of mass in of fuel film based on this information. The estimation result then may be utilized for fuel injector diagnosis.
The third issue covers diesel engine NOx control. New technology applied to contemporary diesel engines is to append the VG (Variable Geometry) turbocharger. It enables us to control exhaust gas recirculation and compressor air flow rate simultaneously. The system exhibits unstable zero dynamics so that the feedback control is designed to stabilize the system. Regular form approach in sliding mode control methodology [3] is employed here for controller design.
Finally, an important issue, automobile ABS (anti-lock braking system), is discussed. The tire tractive force depending on road condition is always an unknown function. There exists a need to design an optimization scheme which is capable of finding maximum point from an unknown function. Sliding mode selfoptimization method without measuring the gradient of unknown tire tractive force function is utilized to maximize tire tractive forces, or, in other words, vehicle deceleration.
Estimator for Automotive Alternator
One of the modern appraoches used in automobile industry for optimizing the operating point conditions of today's three-phase alternator is to employ a controllable rectifier through the six-step switching algorithm [1] . In the following section, a sliding mode observer is designed to supply the necessary information to the switching algorithm.
Basically, the dynamics of a three-phase generator may be described in the following four equations:
Please refer to the following table for the nomenclature of the model parameters: More details of this model may be found in [2] . Besides, we assume that the following ramp function an acceptable model describing the time-varying engine speed:
where α is acceleration and β , γ are constants.
For the purpose of cost reduction the observer design will be separated into two parts: First, the estimator for the sum of load current and its derivative. Second, the nonlinear asymptotic observer (NAO).
To estimate the load current, we define a new variable: 
and the function ( ) t h is the equivalent sum of load current and its derivative. Note that the battery current is readily available and its derivative may be found from
Therefore, the function ( ) t h may be found from (2.6). Note that the parameter
is considered as unknown constant here to embrace the fact of parameter variation and will be estimated later.
Next, a 5 th -order nonlinear asymptotic observer is proposed:
Results of simulation may be found in the following Figure 1 that evidently demonstrates the performance of the proposed cascaded observers. approach, we first make use of the proportional measurement of air-fuel ratio provided by UEGO, the proportional oxygen sensor [4] . The reading of the UEGO sensor, UEGO φ , is governed by the following equation in terms of crank angle θ
where ω is engine speed and UEGO τ 
After finite time, sliding occurs and the equivalent value of Ψ approaches φ c (θ-θ d ).
The in-cylinder AFR estimate can be obtained through a low pass filtering the discontinuous function Ψ:
Similarly, the value of in-cylinder air flow rate may be estimated. Please refer to [5] for details. Next, the value of ) (θ ff m , fuel mass in fuel film, may be found from
where X is known parameter. Next, using ) ( 
Finally, the desired value or the engine control action, The following Figure 2 depicts the estimation result based on this method. The fuel flow rate through the fuel injector is estimated by augmenting an additional state variable for fi m & using the UEGO sensor measurement. Since the commanded fuel flow rate for the injector is known, just additive (possibly injector fault) fuel flow rate is estimated and then added to the commanded fuel flow rate. Without a presence of the injector fault, the additional state variable has zero value and constant disturbance can be obtained with a constant injector fault [6] [7] . 
NO x control for EGR-VGT Diesel Engine
Exhaust gas recirculation (EGR) combined with the variable geometry turbocharging provides an important avenue for NOx emission reduction. In this paper we study the problem of EGR-VGT control from the sliding mode design perspective. The departure point for our work is the reduced order model in [8] that we use for the control design: .12) and where α controls the rate of decay (after the sliding mode is enforced). The controller for t v 2 is then developed to enforce the sliding mode on the surface (4.11). For the sake of the briefness, the corresponding observers design is not included in this paper. The information may be found in [10] .
The performance of the proposed SM control is examined by simulation. The controller parameters, ( S K , α and M ), were determined from the simulations of the reduced order model augmented with VGT actuator dynamics. We assumed that egr W is generated by a first order lag with the steady-state value of The same controller with the same set-points was applied to the more accurate, higher order model and acceptable performance has been observed in Figure 5 . Note that, for the scenario of higher order model, the EGR flow was generated by assuming that the EGR valve position is driven by a first order lag towards the desired position. The non-monotonic character of EGR flow response is due to the dependence of this flow on intake and exhaust manifold pressures. The discrepancy of models results in the steady-state error observed in Figure 5 . 
where the nonlinear terms of (6.2) may be found below: Because the slip-friction is unknown function, the brake controller should be able to maximize the coefficient of friction under the fact that the local gains, which depend on the locations of real and optimal slips, of the plant are not available. To find the maximum tractive force which is, in reality, an unknown function, the selfoptimization algorithm based on sliding mode control is employed [11] [12] [13] .
Assume that ( ) λ f is the function to be maximized and this function has only one extreme point. The basic idea of the theory is to design sliding mode control to force the system to track an introduced monotonously increasing function The following simulation is performed under the scenario that no on-board accelerometer is available and, initially, constant brake torque is applied at the very first beginning to totally lock up all wheels. The controllers take over after 0.2 second to regulate brake torque. As can be seen from the following Figure 9 , controllers are capable of reaching optimal slip after 0.5 second and the optimal level is maintained during whole braking process. Right-Front Wheel Slip (λ 2 ) Figure 9 . Braking performance after wheels are locked up.
Conclusions
Automobile-related control and estimation issues are usually of either highorder, high-nonlinearties or limited system states information. Evidently, from the reported results, sliding mode control theory demonstrates its capability of dealing with various problems, either control or estimation ones with limited information. The results are promising and worth of further modification or extension.
